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SECTION I .  THE MECHANISM OF POROUS ELECTRODES 
The experimental work of th i s  section has  been completed, and the 
essent ia l  results of the s tudy  are  summarized. 
write-up are being prepahred and will  be submitted when complete, 
Papers and a complete 
The thes i s  will  be completed and submitted under separate cover 
within several weeks. 
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SECTION 11. DEVELOPMENT OF A NEW TECHNIQUE TO STUDY ION 
ADSORPTION 
I. Introduction 
As electrical double layer and ion adsorption play an important role 
in  electrochemistry, information concerning the structure of the double 
layer and the amount of i t s  adsorbed ions is highly desirable. 
the present t ime,  there are only a limited number of methods employed in 
the  study of ion adsorption and there has not been a very successful 
method for measuring ion adsorption on solid metal. The radiotracer 
method developed by the Russian workers is subject t o  the limitation of 
low concentration and the availability of the  radioactive isotopes. The 
other methods al l  have their own limitations. The electrocapillary 
method, which gives a satisfactory result for the amount of ion 
adsorbed on liquid metal, is not suitable far the same study on solids. 
Therefore, the development of a new method for studying ion adsorption 
is demanded. Th i s  research is designed t o  accomplish this,  and s o m e  
qualitative indication of the  success  of using ellipsometry in the study 
of ion adsorption on platinum has been presented prior to this  reporting 
period. ” 
work of th i s  project up to  this moment. 
ellipsometry has been successfully applied t o  the study of ion adsorp- 
tion on mercury, the result  of which was compared with that obtained 
Up t o  
A quantitative interpretation of data constitutes the main 
During this  reporting period, 
2 
3 
by electrocapillary measurement. A satisfactmy agreement was obtained 
between these  two methods. 
using ellipsometry in  the study of ion adsorptiox 
This indica.tes furthnr: the suitability of 
11. Experimental 
A. Apparatus 
The apparatus used i n  this measurement is shown in  Figure 1. The 
ellipsometer was made by 0 , C .  Rudolph & Sons, Inc. (Model 437-200E). 
B. Ce l l  
The cell is made of quartz and has  a Teflon top  having holes t o  keep 
tubing and electrodes in  position (Figure 2). 
C. Preparation of the mercury surface 
In order t o  minimize mechanical vibration, a thin layer of mercury on 
gold foil was used as the reflecting surface. Gold foil (30 mm X 38 mm 
X 0.0007 in. thick, Arthur H. Thomas Co., Philadelphia) was mounted 
on a piece of microscope glass  sl ide (2" X I! ' )  and was  soaked in 
1: 8 HzSO4 overnight. After washing with water, dist i l led water, and 
conductivity water, the gold bil (mounted on glass) was soaked in acetone 
overnight. Immediately before the experiment, the gold foil was taken 
out from the acetone bath. After evaporating off the adhering acetone, 
the gold foil was dipped in a mercury pool and the  surface was 
4 
aznalgamated, 2nd a thixl layer of mercury was a l s o  carried out from the 
pool, which serves as the reflecting surface. 
D. Procedures for making a measurement 
After the mercury s c f a c e  was prepared and all the accessories  were 
put in the proper posi t im,  the cell was  immediately connected t o  the 
potentiostat and the potential was maintained at - 1.0 V (vs. Sat. Cal.  
electrode). Then the alignment of the cell was  made to obtain a proper 
reflection (the angle of incidence was 68.2" to the reflecting surface) 
and the quarter wave plate was fixed at 45". The potential was then 
changed to - 0.7 V . An extinction setting of the optical components of 
the ellipsometer was  first found by a swing method. The condition of 
the experiment was then varied by changing the potential and concen- 
tration of the solution. The change of adsorption state was registered 
by a Sanborn Recorder as a change of intensity of light a t  the extinction 
3 
setting of analyzer and about 4"  away from extinction of the polarizer. 
The change in intensity was then calibrated against the readings of the 
polarizer, and it is directly proportional to the change in polarizer 
reading in the range of the experimental conditions. 
111. Result and Discussion 
A. Result 
Adsorption study was  made with sodium thiocyanate (Baker Analyzed 
5 
Reagent) solution. 
are shown in Figure 3. 
Data of five different solutions of sodium thiocyanate 
B. Method of calculation 
(1) Calculation of A and II, from polarizer and analyzer reading. 
A and II, for this set-up of the ellipsometer are calculated according 
t o  the following equations: 
A = 2 X (reading of polarizer) t 90" 
t/J = reading of analyzer. 
(2) Calculation of refractive index of mercury surface. 
The refractive index was  calculated from the  following equation: 4 
4ps in2+,  4 
n; = (n t iK)' = n, tan  [ l  - 3 (P t 11, 
where 
n, = the refractive index of the mercury, 
n = t h e  real  part of n, , 
K = t h e  imaginary p a r t  of n, , 
nl =refract ive index of solution, 
= angle of incidence, 
i A  
p = t a n  + e  . 
The A ,  t/J values were obtained from 0.64 NaF solution at -0.7 V vs. 
Sat. Cal. electrode where no adsorption of ion is expected. The n value 
is 1.45 and K is -5.31. 
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(3) Calculation of refractive index of ion. 
The refractive index of ion was  calculated from the Lorentz-Lorenz 
5 equation: 
n2 - 1 R = V  -m n 2 t 2  
where 
R = molar refractivity, 
V = molar volume, 
n = refractive index. 
m 
- was calculated from the 6 RC NS For CNS-, V 
following equations: 
= 40.4 cc/q-ion. m 
= R  t R  Rsal t  cation anion 
was calculated t o  be 22.2 (using M = 76.13, d = 1.305, R ~ ~ , ~  NS 
8 n = 1.685) 
R + = 4.65 cc/g-ion 9 
NH4 
= 22.2 - 4.65 = 17.55 cc/g-ion . 
RCNS' 
is calculated t o  be 1.84. CNS' By solving the Lorentz-Lorenz equation, n 
(4) Calculation of surface coverage of adsorbed ion. 
The surface coverage of adsorbed ion was calculated by using the 
10 Drude exact equation in the following way: 
(a)  A constant f i lm thickness of 5.5Al1 was taken for the adsorbing 
f i l m  of CNS-  for a l l  the  coverages below monolayer. 
(b) The surface f i l m  was  assumed t o  be constituted from adsorbed 
6 ,  
b 
7 
CNS- and water molecules. 
a linear combination of the refractive indices of 6 N S -  2nd water as: 
The refractive index was calculaf.ed assuming 
n = n (1  - 8 ) i n c N s - 8  , f i lm HzO 
where 
e = surface coverage of CNS-. 
(c) The A and 9 values were calculated for dif€e:ent refractive 
indices of the f i l m  by using the  exact ellipsometry e q u a i o n s  through an 
electronic computer. The calculated change of A i ~ t  diffeserlt 8 values 
was plotted as a calibration curve in Figure 4. There a x  two curves in 
Figure 4; the lower one is for solution of high cowentration (1  N) where 
the refractive indkx of solution was  taken as 1.35, and the upper one is 
for solution of low concentrations (10"' N or less) where the refractive 
index of solution was taken as 1 . 3 3 .  The experimental value of the 
change of A was then applied t o  Figure 4 and the  8 value was ob- 
tained from the curve. 
12 The experimental 8 was compared with Kovac's result in  
Figure 5. 
capillary method, which is well justified for adsap t ion  rneasw-emet?ts 
on liquid metal. The agreement shown is Figure 5 is good in. general. 
At large negative potential, where the adsorptio2 is low, the ellipsometry 
seems t o  give lower values of 8 .  
Kovac's determination of adsorbed io? was Irlade by eleck-0- 
T h i s  is due to the difficulty of choosing 
'. 
8 
the  absolute zero point for comparison of data. The ellipsometer is sensi-  
t ive to *0.01", which amounts t o  about *0.04 of 0 in this  case.  The 
deviation of ellipsometry 8 from that of the electrocapillary method seems 
t o  lie within this  experimental l i m i t .  
the sensitivity of the ellipsometry is increased t o  *0.001" either by using 
multiple reflection or by minimizing the noise level  of the whole experi- 
mental set-up. The agreement could a l so  be improved by choosing better 
values of the constants involved in the calculation or by using some other 
assumptions about the refractive index of the f i l m .  
The agreement could be improved i f  
IV. Plan for the Future 
A. More experiments will be made on the thiocyanate adsorption on 
mercury in order t o  check the reproducibility and the  reliability of the 
method. 
B. The study of ion adsorption on solid metal will  be undertaken. 
9 
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C APT IO NS 
Pig. '1. Schematic diagram of the  apparatus. 
Pig. 2. The cell. 
Fig. 3. Change of polarizer seadiEg with potelltial. 
Fig. 4. Calibration curve. 
Fig. 5. Comparison of 9 obtained from ellipsometry and 
electrocapillary m e t  hod. 
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SECTION IS!. POTENTJAL OF ZERO CHARGE DETERMINATION 
1. General Objectives 
The data in the literature for poter.tials of zero charge are discrepant 
from method to method and discordant from author to author. Since poten- 
t ia l  of zero charge is one of the important electrochemical parameters, it 
is sought to obtain concordant results by three independent methods for 
a number of systems. Also this  will enable us  to apprehend the double 
layer a t  a solid-solution interface to a better extent. 
2. Present Period 
In the  present report period, a rebuttal to FrumkinOs criticism of our 
work on potential of zero charge on platinum was prepared. An attempt 
was  a l so  made to explain the discrepancies in the two values of potential 
of zero charge on platinum, 
I. Facts 
1. The value of the V obtained in  the  Russian work is about 
P.Z .6 .  
0.2 v .  (N.H.S.). It is independent of pH. 
2. The value of V obtained in this laboratory is 0.5v, but varies p.2.c. 
with pH according to the equatjon 
17 
= 0.55 - 0.066pH. (1) p.2.c. V 
0 
3 .  The methods used in the Russian work are: capacitance mini- 
mum; repulsion between double layers; equal i o r r i~  a d s o r p f k  &f ,catiol?s 
and ,anions . 
The methods used in  the  Electrochemistry Laboratory are: capacitance 
minimum; dependence of friction on potential; potential at which organic 
adsorption is equal with different concentration of the electrolyte. 
4. There is a considerable difference in the platinum-solution inter- 
face. In the woik done in Frumkin's laboratory, the hydrogen on the plat- 
inum surface is in equilibrium with dissolved hydrogen in the m e t a l  and 
protons in  the solution. In the work from this laboratory, no hydrogen is 
intentionally present in  the so ution, and a negligible quantity is in  the 
m e t a l  (see calculations given in Appendix I). Moreover, no equilibrium 
is established between protons in  solution and hydrogen on surface. 
5. Burshtein et al. observe a capacitance minimum et 0.5 v in con- 
centrated solutions. 
11. Frumkinjs c r i t i c i smso€ o ~ ~ r . w d r k  
1. He has  stated that  in his opinion the minimum observed by Ar- 
gade is in fact a pseudo-capacitance minimums and thus does not re€,= 
to the  situation necessary for the determination of potential of zero 
charge. 
. 
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2. He points t o  the pH dependence of our P.Z.C. implying that, i f  
such a dependence exis ts ,  the  quantity t o  which it refers cannot be a 
potential of zero charge. 
3 .  It is implied that, because the method first originated by Dahms 
and Green has  been used (equality of organic adsorption at different 
ionic strengths), the values obtained therefrom cannot be valid. 
implied that the adsorption of organic compounds is not dependent upon 
the electrostatic considerations primarily (used as a bas is  of the  Dahms 
and Green method) but must be connected with the presence of H 
and 0 on the surface. 
It is 
111. Defensive remarks concerning Frumkin' s criticisms 
1. Pseudocapacitance 
The pseudocapacitance criticism does not have validity, because 
the  comparison is made for two different surfaces of Pt  at two different 
concentrat ions. 
Thus, the  capacitance minimum observed at 0.5 v by Burshtein et al. 
was obtained by carrying out capacitance measurements on active plat- 
inum in 0.1 N HzS.O4 solution, where the possibility of getting a 
minimum corresponding t o  the P.Z.C. is exceedingly small. 
On the other hand, Mr. Argade's minima for the capacitance were 
obtained in 1 0'3 N perchloric acid, with deactivated electrodes which 
contained "no hydrogen" (see Appendix I). It is, therefore, not tenable 
I. 
19 
to  criricize Alrgade's vzilnes on t he  basis  which Frumkin has published. 
Further evideece t o  sa~pcr2 %his view is as fellows: 
a. G apacitance -frequ e r i ~ y  relationships 
A v a - i a i m  \af capzcitazce with frequency was obsnsved by Argade, 
and at first one might mive ly  z s suxe  that this might be evidence for a 
pseudocapacitance cor,tr;ibution to the capacitance which he observed. 
T h i s  hypothesis has  been exarnimd, and i n  Appendix I1 the evidence 
that it is not a pseudocapacitance, but in fact ar ises  probably from 
relaxation phenomena of the water dipoles, or possibly from some effect 
corresponding t o  the spreading of current l ines along a liquid layer on 
the electrode in contact with t h e  glass holder, is presented. 
b. Concer-tration variation 
It is of course possible to  examine the degree of pseudocapacitance 
observed by Mr. Argade by vsrying the concentration of the electrolyte, 
and in Appendix III the results,  which do  not support a pseudocapacitance 
nature sf his  minima, are given. 
One can see that the evidence given on these  two diagnostic 
criteria of the pseudocapacitance is unambiguous. 
2. p H  dependence of the potential of zero charqe 
+- Specific adsorption of H30 or OH- ions may give r i se  t o  pH 
dependence of the potential of zero charge. 
dynamics for the platinum-solutim polarizable interface has been 
worked O U ~  ir, Appendix IV and it is shown that: 
Electrocapillary thermo- 
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where E is the potential of zero charge on the nomal hydrogen. scale, 
a is the chemical potential, q 
and q 
is the a m o u ~ t  of OH- ions adsorbed, 
If the f i ~ s z  term in equation (2) is 
OH' 
m is the charge on the netal .  
negligible, then the slope of the p. z. c. versus pH plot seems t o  be 
- R T h ,  in  accordance with the  experimental facts. 
The independence of the  amount of adsorbed ims with charge on 
the meta l ,  appears t o  havs some qualitative corAfirmation near the potential 
t t 
of zero charge, Thus, for example, cations l i k e  PJa Cs in  alkaline 
iodide solutions behave in  this  way. An analogous situation a r i ses  in  
SO:- adsorption on platinum from PO" N H2S04 -I- 10"' N CdS04 and I- 
adsorption on Pt  from IO->N XaI f P O " 3  N H2S04 (Frumkin et al. 
J. Electrochem. SOC. 1011 (1966)). 
Thus, the pH-dependence of p. z. c. as observed in our work need 
not be connected with hydrogen and oxygen adsorption, but may ar ise  
from the independence of the  amount of adsorbed ions with the charge 
on the metal near the potential of zero charge. 
3. Dahms and Green method 
According t o  this method, at p. z. c . ,  adsorpt im of an organic 
substance is independent of the electrolyte concentration. 
depends upon purely electroxa'ric considera%i..ins, i. e. variation of 
I? 
This method 
(surface concentratios,) with charge 02 the  getal. 
org 
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According t o  Frumkin' s theory that organic adsorption is dependent 
predominantly on H and 0 adsorption (Frumkin's notation), 
will be i3AG where + is the potential on some scale. Further, (- a+ 4- 
org 
determined by the  magnitude of the ratio between E and A If one 
considers an equilibrium between adsorbed hydrogen and protons in  
H '  
solution, then the coverage of hydrogen in a solution of pH = 3 at 0 . 4 ~  
is f0un.d t o  be about 2 X This corresponds to a.n adsorbed charge 
of 4 X 
m e t a l  E of about a few p, coul cm'2 is negligible. Thus, the effect of 
(aAH/a rOrg)+  on (aAG 
potential range of the adsorption maximum and p. z. c. 
these  experiments, the  pH of the solution was kept constant and the con- 
centration of the neutral salt was varied. Thus, any effect of H and 0 
* 
p coul cm-2 which in comparison with the charge on the 
/a+) is seen  t o  be exceedingly s m a l l  in the ow 
Moreover, in 
on the adsorption of the organic substance would remain exceedingly 
s m a l l  and constant. 
Thus, the adsorption of organic molecules in the rangelused in the 
Dahms and Green method is  probably effected by electrode potential 
largely in a direct way. 
~ ~ ~ - * 
Assuming Langmuir conditions for H-adsorpticn equilibrium, one 
) o  exp -(V -Vo)F/kT , 80 = 0.3 , obtains e/(l - 0 )  = (e/(l -e))oCHt/(C 
Vo = 0.2v, CH+ = 1 N acid; for V = 0 . 4 ~  and C 
8 = 2 X 
low concentr at i on. ) 
H+ 
= 10m3N acid, H+ 
(Assuming a T e m k i n  behavior won't make much difference.- 
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4. Results of the friction method 
The friction method is of course nol. dependent C P Q ~  the same kiztd 
However, (a) it gives of criticisms as those which Frumkin has made. 
good agreement with the results of the other two methods (see Appendix 
V), and (b) it gives the same pH variation as the other two methods 
(Appendix V). It  would need a rather considerable coincidence, surely, 
for the errors of the pseudocapacitance t o  show with an equal degree 
in  the friction method. 
In summarizing the situation as seen  at the moment, therefore, one 
might say: 
potential of zero charge, and the investigation should be shifted t o  why 
the difference in  conditions used gives differences in the potential of 
zero charge. 
The results of both investigations probably measure a 
ZV. Differences in condition of materials used i n  the work in Moscow 
and in  Philadelphia 
In Moscow work the conditions are: The H on platinum surface is 
i n  equilibrium with hydrogen ions in  the solution. The amount of hydso- 
gen absorbed in the electrodes used by Voropaeva, Deryagain a n d  
Kuba>ov, for example, may be roughly estimated. This has been done, 
with certain stated assumptions, in Appendix VI. 
of saturation, some seventeen minutes after the coverage of hydrogen on 
the  P t  surface is made zero, for t he  s ize  of electrodes used. 
It is of the order of 3 3 %  
23 
In the Philadelphia electrodes, the amount of hydrogen is about 
of saturation a s  evidenced by the estimatory calculations given in  
Appendix I. 
Roughly, one has  with the  Philadelphia electrodes a situation of a 
polarizable interface; in  the case of the Moscow electrodes one has  the 
situation of a non-polarizable interface, because of the activation pro- 
cedure used. 
V. Some interpretive suqqestions concerning the chanse of absolute 
- values under the  activated, Moscow, electrodes and the  
non-activated, Philadelphia, electrodes -- - 
(a) An initial model which one might think of as a bas is  for an 
interpretation of the difference of p. z. c. values observed, is connected 
with the difference in  the amount of hydrogen present in  the two elec- 
trodes. However, it is shown in Appendix VI1 that neither the dissolved 
hydrogen nor the adsorbed hydrogen is significantly important to account 
for the discrepancy, under the  assumptions invo lvg .  
(b) A second model which may be considered arises from the differ- 
ence  in  structure of the surfaces in  the two works. 
reasoningly upon the different surfaces to which the differing pre- 
treatments give rise. 
I '  activation" procedure, namely, holding electrodes at a potential where 
they have formed a surface phase oxide (cf. Reddy, Genshaw, and Bockris, 
J. Electroanal. Chem,,  8 ,  406 (1964)). 
One may speculate 
The Moscow electrodes are  given a so-called 
The consequent cathodic pulse 
gives r ise  to  an ' '  active'' platinum surface which is in  a different state 
Porn the s ta te  it was in before the activational treatment. 
The "active" surface is left with vacancies in the  surface and they 
are filled with wstes molecules. The number of t hese  vacancies can be 
estimated as iollows. Weizer and Girifalco (cf, Phys, Rev,,  la, 837 
(1960)) ,  have shown by calculations assuming Morse functions for the 
various interaction potentials. that  two vacancies d o  not attract each 
other at a distance of > 7 A  separation, At a smaller distance of sepa- 
ration ( < '?A), they probably disappear by becoming divacancies and 
diffuse into the bulk of the metal. 
will be one vacancy in an  area of about 150A2, the number of vacancies 
per c m 2  is calculated to be about 6 X 1013 (i. e., the Moscow electrodes). 
Thus, the essent ia l  difference between the surface in the Philadelphia 
and Moscow electrodes is that the latter have a higher concentration 
of defects on the surface, 
Thus, i f  one assumes that there 
The surfaces with defects  will have a different potential of zero 
charge because the surface electron overlap potential will be changed 
and the resulting reorientation of water dipoles will be effected. 
m The change in  the  x , metal surface potential, can be estimated 
as follows. The presence of a vacancy will effect a line dipole with an 
opposite polarity t o  that of the electron overlap, resulting in a lowering 
of the surface potential, 
about I x e. s .  u. (see Appendix VIII). Thus, the resulting change 
in  due to 6 X vacancies per c m 2  is about 0.24 v. Thus, the 
The line dipole will have a dipole moment of 
m 
. 
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assumption of the  essent ia l  point of the difference between the structures 
being related to the defects gives a result  in the correct direction for the 
difference between the p, z. e. ' s  of the two electrodes, and of the right 
order of magnitude. 
A further less important change i A  the  surface potential may arise 
from a difference in the orientation of water dipoles. 
presence of vacancies (metal surface dipoles with positive end outwards), 
more water molecules will  orient with the oxygen end towards the metal. 
Assuming the number of water molecules reoriented is the same as the 
number of vacancies, the change in solution surface potential is wmked 
out t o  be 0,07 v (see Appendix VIII). 
Because of the 
The fact that t h e  model which we have chosen gives the correct 
difference between the resul ts  of about 0.3  volts i s ,  of course, coinci- 
dental. 
t he  right type of result. 
I t  is necessary only t o  show that it has  t o  be of the order of 
3 .  Future Work 
A reply from Frumkin has been received t o  the above letter which 
The points that he has reaised will  be answered in w a s  sent t o  him. 
t h e  next report period. Concurrently, the  thes i s  writing will be 
continued. 
Calculations t o  estimate the amount of hydrogen remaining in the  
Philadelphia electrodes 
The treatment that  was given to our electrodes was  as follows: 
After an initial reduction of surface oxide on Pt at 300°C for five 
minutes, the platinum electrodes were furtha- heated at 450°C in high 
purity argon for a minimum period of three hours. 
oxide reduction in  hydrogen, some hydrogen. diifuses inside. The 
hydrogen that has diffused into the b d k  platinum will diffuse out when 
the  electrode is heated at a higher tenperaturc and for long periods of 
t i m e .  The calculations are based on the  considerations of a diffusian 
During the  initial 
problem solved by Genshaw and Fullenwider 1 of this  laboratory. 
The following boupdary conditions pertain to the initial situation, 
namely, that corresponding to  the initial reduction in hydrogen. 
t < O ,  x = o ,  c = o  
t > o ,  x = o ,  c = c o  
- 
If one applies these  boundary conditions to Fick's second law of 
diffusion and assumes the  electrode to be semi-infinite, one obtains 
X c = coerfc - 
X ATE 
where c is the concentration of H in P t  as  a fmction of distance x 
and t i m e  t ;  D is the diffusion coefficier,t cf hydrogen in platinum. 
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The diffusion coeZicient a t  the  elevated temperatures was  obtained 
by extrapolation of the D values determined from 5OoC to 70°C and 
the energy of activation for the diffusion process. 
D e r i v a s  of the diffusion equation for H diffusinq out of platinum -- --- 
Boundary conditions; 
X t < 0,; c = c ~ e r f c  - 
t = o  * c(0,  t) = 0 
a c (x f t) Gick's second law, - 
2 X  a t  
X 2 d f 6  
f' 
F2c (x , t) 
Assume. c(x I) = X(x) T ( t )  
From equations ( 3 )  and (4)  , 
1 
(5 )  
where TI and X" are  first derivative of T ( t )  and second derivative of 
X(x) respectively 
XI' (x) T it) = DXT'(t) 
Dividing both s ides  of equation (5 )  by X(x) T (t) , 
X" 1 T '  
X D T  
-- -- 
Since x and t are independent variables, X"/X and T'/DT must equal 
s o m e  constant. s ay  A;' 
(1)  when X2 1 0 ;  
T' 
T NOW -dt .: D)i"dt 1nT = DX't ?- CI 
(8 )  can be written as 
0 28 ~ 
Zquation (9)  is physically absurd because c(x, t) = XT increases  beyond 
611. the boundary cor6itims as t ir,creases. 
( 2 )  A ' =  0 ;  
(10 )  
( 1 1 )  
a. Y" = 0 ;  T '  =: 0 ,  
X = F a - t - B ;  T = C  
Equations ( 10) and ( 11) for the c a s e  Xa = 0 are trivial because physically 
it is suggestec! that  as  t increases,  c(x, t) remains constant. This can 
be seen a s  follows, 
t > o . x = o ,  c = o  - 
, * ,  B = 3 .  
From ( l o ) ,  ( 1 1 1 ,  and (4)  one obtains 
(12 )  C(X) = A C x  
Concentration increases  with x continuously, which is an impossi- 
bility, and this  solution is rejected. 
( 3 )  A' < 0 ;  
From ( 7 )  one can  write 
xi1 - L E X ;  T I  = - X P D T  
X = A'cosXx t B'sinAT; T = C ' e  
C ( X ,  t) = XT 
-AtDt 
- X'Dt = (A'cos Ax t B '  s in  Ax) C'  e 
= (A cos Ax t B s in  Ax)e -A2Dt 
x = 0 ,  c = 0 and ( 1 5 )  gives 
= O .  . ' . A = O  
-AZDt Ae 
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sin )cx (17)  
-XZDt 
C ( x , t )  = Be 
It is seen that A c a n  assume a number of values and each value of 
A will specify a given c(x,  t) . In order to get the entire funotion c(x, t) 
equation ( 1  7) will have to  b e  integrated over a l l  t he  values of A .  Thus, 
00 
sin hx  dh -XZDt c (x ,  t) = s B(h) e 
-00 
Now, we have t h e  condition (1) at  t = 0 ,  
00 
x c(x, t) = coerfc- = s B(X) s in  AxdX 
-00 
2 m  
Now, the Fourier transform is  given a s  
00 00 
[f(t) = g(w) s inwt  dw , is  transformed into g(w) = -s 1 f( s) s i n w s  ds] a 
-00 -00 
(20) 
Applying (20) to ( 1 9 )  , 
co 
B(X) = as erfc-- X sin,bcdx ' 2 m  0 r 
From mathematical tables (NBS Math. Hbndbook, eds .  Abramowitz et 
a l . ,  p. 303), equation ( 2 1 )  is given as 
From ( 18) and ( 2 2 )  , 
Rearranging (23 )  , 
00 00 
sin Ax -hZD( tth) dA e 3 s  -s i n  hx -X2Dt dX c(x, t) = %J -e 
a h, a x 
-00 "00 
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Fqudtion (25)  is plotted in Figure 1.1 for D = 5.3 X l o e 6  c m 2  ~ e c - ~  at 
450"C,  Do 9 34 X IO-? cm' sec-l at 3 0 0 " C ,  t = 10,000 sec ( t i m e  of 
heating in A) ; 5) = 300 sec (time of reduction in HE) . 
T o  calculate the concentration of H in  the electrode, one inte- 
grates the area under the concentration profile and compares this  area 
with that in the c a s e  when t h e  electrode is saturated with hydrogen. 
The area under the curve shown in Figure I 1 for the case when the 
electrode was heated in argon for 10,000 see, j s  30 cm' . 
the c w v e  when the electrode would be  saturated with hydrogen, i. e. , 
c 7 cr, throughout the electrode, is 2 Y l o 5  c m 2 .  
concentration of hydrogen remaining in the  electrode after being heated 
in A for 3 hours is about 1 , 5  X l o 4  eo. 
c = 1 - 5  Y 1 0 ' ~  g. a. t. cc-'. 
The area under 
Thus, the average 
If co = g, a t .  cc-', 
Reference 
1. M. A. Genshaw and M. A. Fullenwider, to be published. 
--- 
APPENDIX 111,-I1 
Variation of capacity with frequency 
Variation of capgcity with frequency as observed in  Argade's 
measurements is in  -qualitative agreement with the measurements of 
Borisova and Ershler, 
Also ,  similar variation of capacity with frequency was observed by 
Argade on gold electrodes where one does not have a psuedocapacity 
due to reactions and adsorption. A typical plot for the  variation of 
capacity with frequency on platinum and gold is shown in Figure 11. 1 .  
2 3 Leik i s  and Kabanov and T s e  Chuansin and Iofa. 
In what follows, s n  attempt is made to explain. the s m a l l  frequency 
variation of capacity on the basis of different models. 
(a) Pseudocapacity 
The dispersion due to  the contribution of pseudocapacity to the 
measured capacity with frequency which one would expect at 0.27 v in 
lom3 N HC104, due to adsorption of hydrogen on platinum is calculated 
as follows. Following a similar calculation shown in  Appendix V I 1  b, 
one  finds that  theLhydrogen _cov'enage is 4 X  l o 4  at 0.27 v, under the 
assumption that  there is a n  equilibrium for hydrogen adsorption and 
ionization. 
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3 2  
NOW 
is = 4 X. io , 
i o  the  e x c h e ~ g e  C Y X I - ~ L ~  wker. 8 z 1 , is 0 , l  A ~ r n ' ~  , 
The adsa-ptiis- pseudxapaci ty  C is given by 
'+ 
C = k ! F h T . 9 ( 1  - e)  
4 ( 3 )  
where k '  is the a n c a t  sf cha-ge  Reeded for a hydrogen coverage of 
unity, namely, il, x  COG^ cmm2 . 
The eqzivalent circuit hsed is: C and R in series together 9 react 
in parallel with C dallble layer capacity, i. e . ,  d l  ' 
The resolved pca.BBeB capacity, C m d  resistance,  R , are given as 
P P 
react t R  
1 R =  
p d2C2K + r23ct 
' 4  * 
* 
3 3  
expected parallel r e s i s t m c e  
tion ( 5 )  (i. e . ,  a ln R/a  In w = - 2) is expeciD?er,tallJr 
experirriental log R vs .  log w plot is shown in Fig,  11, 2. 
ariation With frequency according io  equa- 
observed. The 
This is a qualitative discrepancy which makes  u s  reject a pseudo- 
capacity explanation of the capscitance variation with frequency in our 
case. 
indeed the double layer capacity in Argade' s work. 
This a l s o  supports the contention that the observed capacity was  
495 (b) _Dipole relaxation in the double lay= 
Equations have been derived for the effect of dielectric relaxation 
on t,he variation of resis tance and capacity with f r e q ~ e n c y . ~  For the 
equivalent parallel R and A C  are given a s  follows: 
where TO is the mean relaxation t i m e ,  p signifies the distribution of 
relaxation t i m e s  (e. g., p = 0 ,  a l l  T values are equal t o  T~ t when 
p = 1, there is an infinitely wide distribution of relaxation t i m e s ) ;  
A E  E E - and AC = C .A' coo CO E is the dielectric constant at  a 
given frequency and is the  capacity of the condenser. AC is the 
total  change in capacity between actcal frequency and w >> T;' . The 
rea l  variation of the capacity wi th  freqaensy as  the frzquency increases 
s S 
be referred t o  the condition w -+ 0 . 
PI  
At w << TO , (7)  reduces t o  
The dispersion of capacity with frequency on this model is shown 
in  Figure 11.2, assuming TO = los5 sec and p = 0.9; AsCo is obtained 
from R vs. w experimental relationship. Also log R vs. log f is 
plotted in Figure 11.2. 
P P 
It is seen that the frequency dispersion of capacity is in c lose 
correspondence to the observed experimental variation. The parallel 
equivalent res is tance variation with frequency is in good agreement 
with this  model. 
Thus, it s e e m s  to u s  that  the frequency dispersion of capacity may 
be due t o  dipole relaxation in  the double  layer. 
6 (c) Electrolyte penetration effect 
Capacitance variation with frequency may be associated with the 
penetration of electrolyte into the annular space between the electrode 
wire and the glass  mount. An equivalent circuit of a transmission line 
has  been used t o  calculate the frequency dispersion of the capacitance 
due t o  the penetration effect. 
6 
It is shown that, for dilute solutions, 
35 
ta electrolyte penetration effect or to the dipole relaxation in  the 
where C is the measured capacity, C is the double layer capacity, d l  
CG is the capacity per unit length of penetration, and ro is the 
rqsis tacce per c m  of the penetration. 
RJ.ectrdyte of 4 X l o u 4  cm, the  10 was calculated as about 8 X 1 0 5  i2cm" 
axid the appropriate CO was found t o  be 1.16 p,F cm". The calculated 
C is plotted as a function of frequency in Figure 11. 1. There is a fair 
agreement between calculated and observed capacity values. Moreover, 
the slope (8 log R /a log f )  on th i s  model is expected to be between 
- 0.5 and - 1.0. The experimental s lope is about - 1.0, in good 
agreemelrlt with th i s  model. 
For a thickness  of the f i l m  of 
P 
Thus, t he  fi-equency dispersion of capacitance may be due either 
double layer. 
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APPENDIX 111-111 
Capacitance minimum and variation of the concentration of the electrolyte 
One of the important characteristics of the capacitance minimum ( i f  
i t  represents the potential of zero charge) is that it should disappear a s  
the concentration of the electrolyte is increased. 
The capacitance of a platinum electrode was measured a s  a function 
of concentration of the electrolyte: :(a)ikeepinlg the pH constant and 
varying the KC104 concentration in acid and alkaline solutions; 
(b) concentration of perchloric acid was varied. 
In each of these c a s e s  the capacitance minimum was found t o  
disappear a s  the concentration of the electrolyte was increased. See 
Figures IV. 1, IV. 2, N. 3. Figures IV. 1 and IV. 2 show the effect of 
KC104 concentration variation on the capacitance-potential plot in 
ph = 3 and pH = 1 0  solutions, respectively. Figure IV. 3 shows 
capacitance-potential plots at various concentrations of perchloric 
acid. 
If the minima in the capacity-potential curves observed in  our work 
were due to pseudocapacitance behavior, it is very difficult t o  s ee  why 
the  minima in  capacitance-potential curves at  constant pH of solution 
would disappear a s  the concentration of KC104 was raised. 
On the bas i s  of this evidence i t  seems reasonable that in our 
measurements the capacitance minimum did correspond to the potential 
of zero charge of platinum. 
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APPENDIX I11 -1V 
@ibb.'s adsorption equation i n  the  c a s e  of a polarizable platinum 
electrode: 
Gibb's adsorption equation a t  constant temperature and pressure, 
y is the interfacial tension; r ' s  are the surface excesses for ionic 
species i and uncharged species  j ; p and p are the electrochemical 
and chemical potential rkspectively. 
cu I 
(2 )  represents the 
I Ht Nat  OH- Hz0 I I 
P t  
ClOL 
(2)  
ref. electrode 
given system and applying ( 1 )  and to the pblar- 
izable interface of system ( 2 ) ,  we have 
- dy = Fpt+dFptg  -t r e d  Fe) + 
t 
t 
Equation ( 3 )  is to 
( 3 )  
be transformed into one with electrode potential E 
with respect to hydrogen reference electrode. 
37 
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Equilibrium conditions for the P t  phase are  
The charge qm (per unit area) is given by 
qm = FWpt+ - re) ( 6 )  
where F is the Faraday, Pt+ refers t o  the positive ionic charge on the 
platinum metal. For the metal phase, one can write 
At  one atm. pressure, 
~ 
' ,  
4 
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Now, from ( 3) and ( 9 )  to ( 12) ,  one can write 0 
Substituting ( 13) and (15) into ( 16) becomes 
0 
0 
e ,CUI ' F dE*e ClOL d'HC104 
Thus f rom ( 3), ( 18) and (8) together give 
- 
Nat d'NaC104 t r  
- - c u  
P t t d p P t  F d'e - d y  = I? 
- c u t  - r  NatdCLHC1O1 t r  OH-d'H20 F d'e t 
Putting (20 )  into ( 19) 
40 
when qm = 0 ,  
NOW, 
Thus, one may write 
Similarly, 
Now, assgme that OH' ions are adsorbed to cause  the variation 
of p. z ,  c. with pH Now, 
RT 
F .t --In a OH- $. const. = E  q =c E+ cy =0 
where Et  q-0 
hydrogen scale and E 
hydrogen scale .  
1s the  potential of zero charge measured on the reversible 
is that which is measured on the normal q=o 
’ .  
OH- a E  RT a In a q=o  S=O a E +  
( ) = (- ) -  
a p ~ a ~ ~  a p ~ a ~ ~  a B ~ a ~ ~  
‘ 0  
A s  the solutions used were sufficiently dilute (below 10-2N in 
NaOH), we can  use  the  Debye-HIlckel limiting law to express the ion 
activity coefficients a s  
1 1 
lnf’ f = AI” and lnf -  = A’I“ ( 3 1 )  
Putting ( 3  1 )  into (30 )  , 
a E  
t - EO 1 -) a E +  ( 
“NaOH qmZ0 RT a [AI“ t lnCNat t c O H - l  
1 1 a A ’ I ”  1 a In COH- 
t - x  F 1 t - *  F a [AI” t lncNat  “OH-] 
1 -
a [AI2 t InCNa+ + cOH-] 
In our experiments, the ionic strength was held constant and also 
as a result, concentration of Na t  ions remained constant. Therefore, 
From ( 2 7 )  and ( 3 3 )  
1 
F 
- - ) OH’ 
a r  
q=o 
RT 8 lnCOH- 
a E  
= - (  
a q m  ‘NaOH 
a E  q=o - -?( 
- 
a In COH- - F  
- 
(35) 
) is small ,  and the ionic strength is kept a ‘OH- Thus, when ( 
constant, the  p z. c. variation with pH has  a slope of about - 
a q m  ‘NaOH 
- RT 
F ’  
APPENDIX 111-V 
--- Potential of zero charqe determinations by the "Friction Methbd". 
A number of investigators have used a Herbert pendulum with a 
fdcrum made of glass sphere, which oScillates in a f i l m  of eleatrolyte. 1-3 
4 
Bowden and Young uSed a method t9 determine the  s'fatid ooeffbient of 
friction as  a function of potential to study the effect of ,adsorbed g'ases 
on friction between two platinum surfaces.  
The principle of the method of Bowden and Young 4: was used to 
determine the  static coefficient of friction as a function of potent'ial,. 
The apparatus was designed so a s  to perform experiments under high 
purity conditions, similar to those of the capacitance measurements. 
Figure V.1 shows the friction vs. potential plot far platinum on 
platinum in 0.1 N HClQ solution. 
very well with the potential of zero charge values obtained by other- two 
methods in this  laboratory, The variation of potential of zero charge 
with pH by three different methods is shown in Figure V . 2 .  
The maximum on this  curve corresponds 
It can be seen  that t heva lues  of potentSa1 of zero charge obtained 
by three methods are in  good agreement. 
contention that the  minimum in capacity-potential plot in dilute 
This further conf'irms our 
42 
' .  
43 
ssl~.:cns does correspond to the potential of zero charge o n  non- 
acx;nted platlnum electrodes. 
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APPENDIX 111-VI 
Amount of hydrogen present in platinum electrodes used in Russian 
work: 
- 
It has  been well established that hydrogen diffuses into platinum. 
Recently, the diffusion coefficient and the apparent energy of activation 
for the diffusion of hydrogen in  platinum have been determined. 1 
The extrapolated 
= 3.4 X c m 2  sec-? and D 7 0 4 C  
E = 9 , 6  X 10 cal mole-' 
a 
value of the diffusion coefficient at room temperature 
, +  
is found to be  
= 4.5 7 x cm' sect-* , D 2 7 * C  
In the Russian work on the determinations of potential of zero 
charge on platinum, electrodes were either activated or platinized. 
The cathodic polarization a t  40-50 mA cm" for 3-4  hours was used as 
the init ial  treatment to platinum in the work of Voropaeva, Deryagin 
and Katkmov. Under these conditions, the electrode will absorb 
hydrogen according to Fick's laws of diffusion, 
conditions, 
2 
With the boundary 
x = O r c = O ,  t = O  
x = o , c =  co, t > 0 
44 
' .  
45 
and assuming the electrode to be a semi-infkite solid, i t  czn easi ly  be 
st;ov:n that 
(1) 
where c is the concentration of hydrogen as a function of distance x 
and t i m e  t ,  D is the diffusion coefficient. The Concentration profile 
of H diffusing into P t  is shown by curve 1 in Figure VI. l  for a t i m e  of 
10 ,000  secs corresponding to the cathod pretreatment applied to  
platinum by Voropaeva et al. 
X c 5 coerfc-- 
2 a  
2 
When the electrode potential is led to more positive potentials, 
the surface concentration will become s m a l l  and hydrogen will diffuse 
out of platinum. Diffusion equations can be worked out for this  case ,  
assuming a linear concentration gradient up to a certain depth of pene- 
Fration which is obtained graphically. 
bomdary conditions a re  
See Figure VI.1 . Now the 
c = 0 ,  at x = 0 ;  t 2 0  
and 
X c = co(1 -F) 
where L'  is the  apparent depth of penetration. The diffusion equation 
for this  case is found to be 
00 co 
( 2 )  
2nL' t x (n t l )2L '  -x 
2 m  
erfc----- t erfc X 
n =O 2 m  
c/c, = 1 - 7 - 
n =O L 
Using equation ( 2 ) ,  C/CO for hydrogen diffusing out of platinum as a 
function of distance and t i m e  is shown in Figure VI. 1 . Curves ( 2 ) .  
However, the actual concentration profiles may be somewhat 
* .  
c 
46 
distorted because m o s t  of the hydrogen is concentrated on islands and 
the transfer of bound hydrogen to free hydrogen is relatively slow. 
After keeping the electrode at a positive potential for 1 7  minutes 
so that hydrogen concentration at the  surface is zero, there is still 
more than 0.6 t i m e s  the initial amount of hydrogen that went into 
platinum during cathodic polarization. 
areas under the corresponding curves. 
tion profiles at 3000 sec. and comparing this  area with the area as  i f  
the platinum was saturated with hydrogen up to the depth of penetration, 
the average concentration comes out to be about 0.14 co . 
taken to be 2.7 X 1 0-5 g atom cc-l, the average concentration is seen  
to be 3 8  X 10"" g atom cc-I after 50 minutes of removing H from 
platinum. For removal of H from P t  for about 1 7  minutes the concen- 
tration of H in  platinum was found to be 8.6 X 
This is seen by comparing the 
Now integrating the  concentra- 
If co is 
g atom cc-' . 
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APPENDIX 111-VI1 
Change in the potential of zero charge because of the presence of 
hy dros en: 
( a)  Dissolved hvdrwen 
First it may be observed that the value of p. z. c. of platinurn ob- 
tained by us is more cansistemt with the work functdon - p. z ,  c. plot than 
the value obtained for the activated platinum (Fig. VIII.l). 
Thus, it was  thought that the presence of hydfogen may lower the 
work function and hence the  p. z .  c. 
In hppendix V I  the  amount of hydrogen remained inside platinum 
was estimated t o  be  about 
hydrogen is ionized, contributing these  electrons to the conduction 
g atom cc-* .  Now, i f  th is  amount of 
band, the Fermi level of the electron gas would be raised. 
of a free electron g a s  is given by 
Fermi leve l  
2/3 
(1 )  
3 3 2’3~ah‘ N 
EF ’5‘;’ x ( T )  
N 
V where m is the m a s s  of the electron and - is their concentration. 
Thus, 
Assuming a s  a fkst approximation, 0.30 electrons per platinum 
47 
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atom, there are 1 ~ 5 X 1 O t Z  electrons cc-*‘ of platinurn. 
electrons contributed by the hydrogen present will be 6 X l o t 8  electrons 
per cc 0;  platinum. The  c:ia:-,-re of Fermi energy because of this amount 
01 rlvdrogen will !,e sxa l le r  “a,L 10  mV, provided the electron gas  model 
is applicable io plaki,li, I ~ .  
The number of 
(b)  Adsorbed b d r o q e n :  
--I-.-.- -- . _
If one considera an equilihriurn between protons in solution and 
adsori e d  h:dro-jeri oi! tile surface, then under Langmuir conditions 
KOW, eo = 0 . 3 ,  c:, 1 P, I ; ~  i14; vu = 0.2 V .  i-I+ = 
T I ~ U S .  in ~o-‘ I \ ;  1 L L  04 ti-e i;ydroyen coverage, a t  v = vg = 0.2  
1s 0 .  e i< 1 
0 . 3  
c1. 1 
e = -----, x i o e 2  = o ,53 x 11, - &  = 0 004 
‘l’he chanqe i n  s w t a c e  poteiitial because of the additional Pt - H 
dipoles is given by 
L\ = 47;:3p 
where Ax is change in  surface potential, N is the number of dipoles 
per cmz and p is the effective dipole moment, For N = 5 X 10’’’ and 
p 0 , 5  X e. s. u. , Ax 1s seen to  be about 9 i:lV. 
Thus the presence of hydrogen i n  the Russian electrodes would not 
give r i se  to the  ::isxepar,cy in  the vcilues of potential of zero charge. 
APPENDIX VI11 
Activation of platinum and potential of zero charge 
There is a large amount of evidence that suggests that  the nature of 
i, e, ,  the  structure 1,2,3 t h e  surface of platinum changes upon activation, 
of the surface of platinum changes during this  procedure. Also, when 
the potential of the platinum electrode is held above 1.0 volt, a phase 
oxide of platinum is formed. The oxide thickness varies linearly with 
potential in the range of 1.0-1.6 v (h. e.), from 1A t o  about 6A.  When 
the  oxide is reduced, the oxygen will be converted into water. Namely, 
there will  be water sitting in the field of a vacancy on the surface of 
platinum. An attempt is made here t o  estimate the change in the potential 
of zero charge of platinum when it is activated. 
4 
0 4  
One may write, 
* m In* s* E - E  = {x -xs} - {x - x  t 6x*} z a 
m 
E is the potential of zero charge; * refers t o  the active state, x and 
z 
S x are the surface potentials of m e t a l  and solution exposed to  vacuum. 
6 x  is the  interaction between the vacancy dipoles and the solvent dipoles. 
The solution surface potential exposed t o  vacuum is the same in 
both cases. 
terms, namely, 
Further, the surface potential of the metal consis ts  of two 
5 
49 
m is the surface poteztisl due to  the spilling of the electrons which is 
P 
5 r n  
istl:zspic fram crystal face to crystal face. xsrn is the surface potential 
~ ~ ~ ~ ~ y i ~ & i . - ~  dependent upon the saaothing of the electrm distribution due 
k~ the Ctomic arrangement st the surface of the metal. For the sake of 
argurnext, let us  assume that the surface of plztinum is smooth before 
1 3  m = 0 and x is the same 
Xs ;;1 SP 
activation, i. e. , 
has, 
When a vacancy is created in the surface of 
upon activation, oae 
(41 
platinun, electron 
distributiazl around this  poirit will be altered. 
b2 Iswered i f  the eloctscn stays in  the pQttcntinl well of t h e  vac=.*icy. 
The electron ePaergy will 
-5 the upper part of the sui-mnding s ix  polyhedra will be positively 
chcrged and the vacaacy will be negatively charged, giving r i se  to a 
1ir-e dipcjle with its positive end outwards. 
azzsmes,t is estimated a s  follows. 
to  be uniformly distributed in the lower part and the positive charge 
i x i f m d y  distributed in the upper half of the s ix  surrounding polyhedra. 
rF ~ h m ,  it is seen f rom Fig. VIII.2 that  the charge separation is half the 
rsdius of polyhedra, i. e. , the radius of a platinum atom. 1:cm. the case 
of p l a t i m m  the number o€ free ekc::::ns is the ~urr,Scr cf elect-c;~s i y l  
See Fig. VIII.1. 'The d i p d e  
The charge in  the vacancy is assumed 
the  conduction band, i. e., 0.3 electrons atom". Thus, the dipole 
moment p of the vacancy dipole is estimated t o  be 
p = 0.3x- l S 4  x 4 , 8 x 1 0 " 8 e . s . u ,  
2 
= 1.01 x 1 0 " ~  e. S . U .  
Thus, the surface potential due t o  smoothing in  the presence of 
vacancies,  
m* 4rnp  x = -  
E 
The number of vacancies created by the oxide PtO in surface of 
platinum is estimated t o  be one vacancy in  every 20 atoms of platinum. 
T h i s  figure is obtained following a calculation that other vacancies 
are s table  at a dis tance of 7A from a given vacancy. 
N = 6 x 1013 vacancies.  
Thus, 
xm* = 4 ~ r  X 6 X 1013 X 1.01 X X 300 volts 
= 0.24 v o l t s .  
8 
S 
The change in b x  
dipoles and the vacancy dipoles and the change it will make in  the mien- 
tation of water dipoles. This contribution is estimated as  follows. 
water molecules will be situated in  the vacancy with their negative 
dipole towards the metal such that the potential of zero charge will  be 
lowered. 
is obtained as an interaction term between the water 
The 
The change in the surface potential because of dipole reorientation 
is given by 
5 2  
: - 4 4  - wl, p - 
6xs - E 
iVh8rL Nt - N1 = 6 X l O I 3  water mclecules oriented in  a particular 
direction, p = 1.8  D and E = 6 , 
.I. -C 
b y s  2 - 7 0  mv 
Thus, the  total  change in  the potential of zero charge due to activatioc 
would be 
= 0.31 volt ,  
Thus, it appears that  the p, z ,  c, on active platinum is about 0 ,  3 
more negative than that for nonactive platinum. 
ment with the  experimental values of p,  z d  c. on platinum, 
This is in  good agree- 
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The potential ensrgj of a r*Lovi:ig i z t e r s t i t i d  ion i n  an  open la t t ice  
w i k  fixed network is determined psincsily bv two factors. 
a) The electric field due to  ths  lattice ions, including polarization effects, 
b) The short-range rcpulsive force be:wwesn the moving ion and its neighbors, 
1 Distribution of charqgln the  latt ice 
The first problem encountered in  the attempt t o  assess the  coulombic 
field is that of the  amount and distribution of charge over the atoms in  the  
la t t ice  The mobile atoms in  the open structure systems (interstitial ions) 
are  usually taken into the lattice in order t o  compensate for the stoichio- 
metric disbalance among the  atoms constituting tha lattice, Ionizing, they 
give away the charge to atoms which need it in order to fu l f i l l  valency 
requirements. Thus, i n  alumina-silicates the interstitial alkali atom gives 
away an  electron to an alurninurr). atom to complete its octet. 
Hence, in  the first approximation one could assame that the charge 
opposite t o  that of mobile icns is located at che aluminum lattice sites, 
However, this  approximation w ~ c l d  sa-tlics pcmBy represent reality s ince 
atoms attract electrons with different power as expressed by Pauling’ s 
electronegativity of atomic species,  
Electronegativity of atornic species is related t rs  thz amount of the 
ionic character of a single bond b>f.weers a~ooms A alzd i d ,  with electro- 
negativity X and X szsgs,:t:v~ly. 
A B Y  
- +I x - x.. 
E. n Amount of ionic cllarac,;?; :- i - r: 
. 
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F w  ths distribution of charge it is necessary to know the b m d  length, as 
w d  2s the  character of bonding. 
atoms A and B can in most ca ses  be reasonably weal calculated by use  
of the atomic radii r and r (as  given iln tables)  by the equation 
The length of a single bond between 
A B 
D ( A - B ) = r  A B  t r  - c l X A - X B )  (2) 
( c is the Schomaker-Stevenson coefficient), 
This equation gives the interatomic distance smaller than the distance 
should be according to sum of atomic radii of atoms A and B ,  i f  the 
A-B bond has  some ionic character. If the actual. distance between A 
and B atoms is even smaller than calculated according i o  equation (2), 
t he  rernaining shortening is attributed t o  partial doukle-bond character 
of the bond. 
'The amount of double-bond character to be expected is computed from 
the principle of electroneutrality ( 1) .  
The percectage of ionic character of A-B bond that corresponds t o  
the difference in electrmegativity of the atoms would place a belonging 
negative cnarge on more electronegative atoms in molecules 
charge would be reduced to  zero i f  each bond has  a correspondir,g percent 
of double-bond characters,  
corresponding to the electranegativity difference sf tha two atoms, the 
percent cf imic bond character times the number cf bmds gives the value 
of positive charge transferred to the less electronegative atom4 The 
additional shoytening of t5e band due t o  the double 5md character gives 
This electric 
If each bond has  the a m o x t  of icinic character 
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‘ 0  
a bond number and the p e r x n t  of doubkdxmd charaster.. The percent of 
double-bond character of each bond multiplied by number of bonds gives 
the amount of negative charge transferred back to less electronegative 
atoms. The difference between positive and negative charge gives the 
residual charge on the less electronegative atom, 
2. Dimensions of the space from which appreciable contributions 
to the field strength are obtained 
The l i m i t s  of the space can be set up a t  points beyond which the s u m  
of contributions t o  the field strength of a l l  the  points of an infinite lattice 
falls below 1 %  of the total field strength, 
Equations ( 3 )  gives the electric field from a unit positive charge a t  
a distance i a ,  
i n  the la t t ice  and E is the average dielectric constant. 
a is the average distance between unit positive charges 
e2 
AF = ( 3 )  
If assumed that positive and negative charges are distributed peri- 
odically, the limit is detzrrnined by the condi t im 
cx) 
ei: e‘ e2 1 > 1 0 0  { i a k i 2  - a 2 )  e‘ 
n 
i =1 E(ai t 7 )  a 2 - i =n+l  E (a i  t 2) 
(E.ziS- 
It follows that 
This condition is fulfi l led for n I > 5 Hence a cube containing > l o 3  
pairs of charges around a central ion has t z  be tsken into account and 
this is independect cf chrg’e on each  ioii a- of dielectric constant. 
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3 ,  Positioninq of atoms at  different points in the lattice 
I . .  
A l l  interactions are  some function of the dis tance between an atom 
in the lattice and a point of interest. 
The position of the atom is described by x, y, and z value in 
respect t o  a reference point. It is practical t o  place this  at one corner 
of one unit cell of the latt ice.  Then, atoms of the same crystal  lattice 
position in any other unit cell wil l  have coordinates which are s imple  
sums of the coordinates of the  original atoms and numbers characteristic 
of the position of the unit cell a s  a whole. 
mul t ip les  of unit cell dimensions. 
cell which is four unit cells away from the origin in the x-direction, 
two unit cells in the y-direction and is on the x axis,  the  coordinates 
of that  atom should be 
These numbers are s i m p l e  
Such an atom is considered in a unit 
where a and a are the unit cell dimensions along x and y 
respectively and x, y, z are the coordinates of the corresponding 
atom in the basic  unit cell. 
X Y 
4. Coulomb field in  the la t t ice  
In a practical computation a model is assumed for the charge 
The volume density of charge for distribution within the lattice; 
each  ion is represented by a monopole and dipole. The influence of 
a nearby charge on the volume density is taken into account only by 
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a multiplication of the dipole momect. 
ion is considered t o  remain fixed G n  the lattice site. 
so1utior.s may  be formulated for the electric field acting on a mobile 
iLtersTitis1 ion, which take into account with varying degrees of approxi- 
mation the la t t ice  self -attraction and the interaction between the lattice 
and the mobile inn. 
The charge centroid of a lattice 
In this  model 
i) The exact solution 
A charge Z . e  at la t t ice  site j which is a vector distance a 
+ 
3 j s  
from the point s causes  an electric field a t  s which is 
The dipole at lattice site j contributes the field 
+ d 4  
3 a n s ( p .  - a .  ) 
j s  
yD=- J 1% - 
S a5 
4 
In these  equations t.he vector a is  taken to  point 
4 
5 3 
a .  
1s 
from j t o  s .  
The total  electric field strength a t  point s from n la t t ice  mono- 
poles and dipoles is 
The dipole moment of an ion is not fixed but is induced by the net 
electric field ai that site, excluding of course the field due to the ion 
itself. If the net field defiricd this  way is denoted [F I ,  [ and  i f  the 
polarizability of the ioii a t  site k is L ~ I  the  dipole strength will be  
4 
k 
k '  
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gk =: a [ F  ] 
k k  
4 
[ PkJ 
site k and with the s x c  excluding k . Together (8) and ( 9 )  form a 
is found from equz"_r?n ( 8 )  by letting point s coincide with lattice 
system of 3 N  linear eqcations which determine the dipole moments due 
t o  the lattice self-interaction. 
j # k  
With. the large numbers of atoms that have to be  taken into account 
for a good approximation, an exact solution utilizing a present-day com- 
puter is likely t o  be prohibitively long. Hence, further approximation 
must be made. 
ii) T'I'SchottkyLTostap proximat ion 
A s  a first approximation it can be taken that point charges in a 
crystal  lattice are  exerting a Coulomb force through a medium of 
uniform dielectric constant E ,  a s  assumed in the early works of 
Schottky and Jog.: (2,  3).  Thus, at any point in  the  crystal  the field 
strength would be 
This approximation bypasses the problem of dipole induction but 
is rather ur.satisfac"ror)-, since the largest  portion of the field strength 
is created by the inferactiazs wit'? the first neighbors of the point s , 
7 3  
and these  interactions are effected through empty space,  i. e . ,  with 
& = l  , (12) 
iii) The Mott-Littleton approximation 
A l l  the atoms in  the  la t t ice  are divided into two blocks, (a) the 
moving ion and the nearest  neighbors (1 ,  2, 3 ,  . . , , M) , and (b) the rest 
of the atoms in the  lattice space ( M t l ,  M t 2 , .  . , , N) -the so-called 
distant atoms. 
The polarization effect of t h e  group (b) is taken into account by 
considering t,he charges outside the nearest  neighbors sphere not to be 
in  a vacuum but rather in a dielectric with a macroscopic dielectric 
constant E .  
The field at any point w i t h h  the  block (a) cons is t s  of 
i) The field due to distant atoms acting through the dielectric, 
ii) The field due t o  t h e  charges inside tne block (a) acting in vacuum, 
iii) The field due t o  t h e  induced dipoles within the block (a). 
Thus, 
Introducing ( 1 3 )  into (9 )  one obtains 3M equations with 3M dipole 
moments in the moving ion and the M nearest  neighbors, With the known 
dipole moments, equation (13)  can be used t o  find the field at any point s . 
This method has  the  disadvantage of employing the value =. which is 
not known for all  t h e  crystal. species of interest  and whose validity for a 
microscopic space of a few unit ce l l s  is questionable. 
iv) The ,third apprcwimatian 
An approximate solution to  equation (9)  for the dipole moments of the 
entire la t t ice  segment may be obtained by iteration, 
moments on the right s ide of (9)  are initially zero. 
the la t t ice  should give an  induced dipole a t  each  la t t ice  site due only t o  
the  monopole terms. 
right s ide of ( 9 )  to  obtain an improved estimate of each  induced dipole 
on the left s ide The procedure would be repeated until a sst isfactory 
level  cf stabil i ty of successive dipole moments was achieved. 
a s s i s t  faster convergence. the monopo1.e field i n  the first pass might he 
reduced by a dielectric constant a s  in equatiorl (1 i 1 
into account the tendency of dipole induction t o  reduce the monopole 
field strength, 
Suppose the dipole 
Then the sum over 
This set of dipoles would then serve as input to the  
To 
This will take 
This procedure will give the dipole moments for any position of the 
mobile ion, however, it c a l l s  far a complete recomputation p.s the  mobile 
ion is moved ar0un.d the assumed starting position. 
t o  make a further approximation irl the sp i r i t  of Mot1 and Littleton, 
the  mobile ion is moved away from the init ial  position the nearer dipole 
moments are revised but rlot the farthFJ; Thris the 3M equations repre- 
sented by ( i 5 )  which were treated in the f i rs t  iterations are reduced to  
a subset  for the 3 M  nearest neighbors of the mobile ion, 
It is more efficient 
As 
0 
and 
‘ 0  
j f s  
The subscript s is used in (15) t o  indicate that the equation is t o  
be applied not only t o  the ions on la t t ice  sites but a l so  t o  the mobile ion. 
The first sum in (15) is over the nearest  ions; at each position of the 
mobile ion the dipole moments in this sum are t o  be revised. For the 
farther ions in  the  second sum the dipole moments remain constant, 
The revision of the nearest dipole moments would probably be carried 
out by the same iterative principle applied t o  equation (1 0). With the 
new dipole moments ( 1  5) supplies the field acting on the mobile ion at 
its new position. 
* 
5. Repulsive energy interactions 
A s  the  ions are brought closer together, so that their outer electron 
she l l s  begin to  overlap, repulsive force becomes operative. It is the 
repulsive force that opposes Coulombic attractive force between a positive 
and a negative ion, and causes  them to  come t o  equilibrium at a finite 
value of the internuclear distance,  
~ 
:3 
After M. Tosi: Cohesion of Ionic Solids in the  Born Model (3). 
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The repulsive potential falls off very rapidly with increase of inter- 
ionic distance r .  Born suggested that it could be approximated by an 
inverse power of r ,  so that the mutual potential energy of two ions 
could be written as: 
i j  
E 
where the second term 
The potential energy 
r n 
i j  r 
i j  
the repulsive energy. 
of the crystal can be written a s  
Ae2Z2 Be' E = -- t -  
Rn R 
where A and B are constants for a given crystal  (A = Madelung 
constant). So, the corresponding contribution of the repulsive energy 
to the latt ice energy is 
Born and Mayer adopted later a potential function of the form 
E = b exp  (:) 
rep 
where the new constants b and p replace the former B and n ,  
In order t o  retain the consistency with approximate additivity of 
interatomic dis tances ,  the  repulsive potential, which in the case of 
univalent sa l t s  equals the repulsive potential energy, is expressed a s  
(rl 4- r2 - r) 
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where P is the distance between two ions, 1 and 2 , r l  and rzl l lobservedtl  
radii of cations and anions, and constant C1,.2 is given by Pauling as4 
z1 zz 
C l J 2  = 1 t - t -  
N1 N2 
where Z1 and Z2 are ionic valencies (i. e . ,  the total  charge in units of 
electronic charge), and N1 and Nz are the numbers of electrons in the 
outermost shell  of either. 
If the total  repulsive energy, a s  a function of a nearest-neighbor 
dis tance r , is written in  the form of equation (19), the evaluation of the 
lattice energy of an ionic crystal requires the determination of two 
repulsive parameters. This follows from considering only the Born re-  
pulsion of the  first neighbors in the crystal .  
Taking account of the Born repulsions of the second neighbors, the 
contribution of the Born repulsive energy t o  the la t t ice  energy per mole- 
cule can be written 
(22) 
-r -r 
rep P P 
E = Mblz exp (-1 i- +MI (bll  f bz2) exp (-) 
where M and M '  are the numbers of first and second neighbors, r' is 
the dis tance of the second neighbors. 
Two basic  assumptions are involved in equation (22).  First, the 
repulsive energy of the crystal is written a s  the  s u m  of two-body repulsive 
energies ( this  can be only approximately true a s  the many-body contri- 
butions t o  the  Born repulsion arise from many-body overlap). 
hardness parameter i s  assumed to  be independent of the ionic species?i;a 
Second, the 
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a given crystal. The evaluation of the  repulsive energy of an ionic crystal  
still requires the determination of three repulsive parameters: 
M ' (b l l  t bz2) , and p . 
M 1 2 ,  
The number of independent parameters in a family of salts of given 
structure can be reduced and individual parameters can  be determined by 
taking account of the approximate additivity of the  interionic distances.  
This suggests that  interionic distance can be expressed as 
r = r l  t r2 t A 
where r l  and r2 are characteristic lengths of the ions 1 and 2 ,  and 
A varies slightly from crystal  to crystal  in the family. 
The parameter b12 is usually written in  the form: 
where b is a parameter constant in the f a m i l y  of salts and the coefficient 
C1,2 is the same as before (see equation 6). 
A plausible extension of t h e  expression (24)  t o  the second-neighbor 
repulsion leads to the Born-Mayer form for the Born repulsive energy: 
(rl r2 - r )  
rep = MC1,2 b exp [ P I +  E 
t i M ' b [ C l 1  exp (-) 2r1 i- CZ2 exp ( p ) ] e x p  2r2 ( f )  (25)  
P 
By regrouping of terms and by defining 
r2 1 r 1 
P 
1 
b l =  b"exp ( - )  and b , = b T e x p  (;)
one gets the Higgins-Mayer form for the Born repulsive energy: 
7 9  
Agaiz;, the  characteristic pxaxe te r s  bl alnd b2 a d  p can be determined 
by a simultarieaus fit f m  a l l  sal ts  iz the family. 
I-i the first approximaticn let u s  consider only the first  neighbors. 
Ixtroducing equation (20) for E in the equation (161, me gets: 
re P 
The effect of mutual dipole induction is  to add a term which tends to 
decrease the magnitude of the electric potential energy. This addition is 
discussed in the appendix. 
6. E s t i m a t e  of the repulsive constants from the k2own data cn 
ion to ion interactions- 
To  evaluate two Born c o n s t x t s  one can postulate two equatiolzs in 
which those constaats  x e  the only u?knowns, for a system similar to 
the  system of interest  inasmuch as the same type of bond is involved, 
for which the required experimental data are available. 
Thus, data cax: be fmnd  for the energy of formatiosi and the equi- 
librium distance between the ions for the compound in the v a p a  phase 
containing the same type of S c d s .  
If, for example, the ezergy of f w n a t i x  of sodl:..n oxide vapor is 
Iczawn, the figure for th.; tctal pckc-tiad e:-el-gy c?:. .. be fo-xzd 
ds ta  with s a m e  addiiic) 
' I  
is equal t o  the work needed to  bring together from infinity t o  the equilib- 
rium d i s t a m e  the three ions composing the oxide. If the standard enthalpy 
of fxm?:ion of the oxide (AHo ) is kmwn as well  as the  stalndard en- 
OX 
tkzlpiss of forming the ioas from the same reactants (e. g. metallic 
scdium and molecular oxygen), then 
E = AHO - a 
ox 
which is the same potential energy as in  equation (28). 
The potential energy equation (28) is t o  be evaluated at the equilibrium 
dis tance ro which again is an experimentally available parameter. This 
is determined by the balance of the repulsive and attractive forces. 
The forces which ion 1 exerts on ion 2 are 
1 A 4 
f = - grad E = - E  rZ1 
re  P rep P rep 
f + zlz2e2 A 1 A  = - grad Ec = -rzl = - E rzl 
C r2 r c  
A 
where r is the unit vector pointing from 1 t o  2 ,  and E is the Coulomb 
potential, dipole contributions not considered. By balancing the forces, 
C 
one obtains 
r," E 
p = r a  - '  zI z2 e2 
7. Motion of an ion i R  motim throuqh the interlattice space 
(a) The energy approach. The probability of finding the ion at  m y  
pcrirct in the latt ice is a function of the poteEtia1 energy of the ion at 
that point. 
(b) The field approach. The energy required to reach any new position 
isz the latt ice can be determined by a line integral t o  that point. 
The two approaches have similarities and each has i t s  difficulties. 
The similarity is that each requires a re-evaluation of the latt ice dipole 
moments a s  the ion is moved from position to  position. 
In the energy approach the mutual dipole induction between the 
Kobile ion and the lattice leads t o  a modification of the potential energy 
exprsssion which has not been completely solved (see the appendix). 
However, am approximate expression has been derived (A-7). 
In the field approach an approximate l ine inlegral replaces the 
expression for the potential energy. 
c'at systematically from a three-dimensional field map using small steps 
away from the central reference position of the mobile ion, until the 
The line ir legral  could be carried 
desired energy C Q ~ ~ O W S  were mapped. 
The energy approach is a simpler starting point for practical compu- 
A s  approximate results are obtained, the magnitude of the higher tatio;?. 
dipole correctioH:s can be estimated and included i f  necessary. 
The corntribution t o  the electric potential ensrgy of the charge Z e 
S 
4 
by thn fixed dipole p i s  
j 
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( 3 3 )  
4 
Sone of the dipole moment p is  induced by the charge Z e .  For this  
S 
portion of the dipole moment a correction t o  the energy is t o  be added as 
discussed above and in the appendix. 
8. The computer proqram 
A computer program is being written which is t o  produce potential 
maps for a mobile ion moving in a crystal  lat t ice.  
is as follows: 
The program organization 
(h) A ser ies  of operations which generate lattice coordinates out of a 
unit cell, and establ ishes  ionic charges, susceptibil i t ies,  and repulsive 
energy constants.  
(b) A n  iterative procedure t o  obtain the dipole moments in the entise 
httice, for the starting position of the mobile ion, a s  described in 
Section 4 -the third approximation. 
(c) A procedure for recomputing the  energy of the ion as it is moved 
around in the la t t ice  cavity, with the additional approximation described 
in Sections 4 and 6 .  
9. Choice of units 
S t  is convenient t o  choose units which will give the potential e?E:gy 
~2 the ioc in the order of unity. Such a system is: 
, . 
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charge Ze in unit electron charge +e 
susceptibility cy in A3 
e2 repulsive potential b in - A 
In these units the calculated dipole moments and fields will have units 
given by 
4 
dipole moment p i n  A2 
e electric field F in - A2 4 
a d  83 expression for the potential energy of an ion of charge Z 
presence of fixed electric and dipole fields and the Born repulsive field is 
in the 
S 
e2 This expression has units of - . A 
T o  obtain the potential energy in kcal/mole, the resulting energy 
should be multiplied by a factor of 3.3 X 1 O 2  . 
Typical values far the constants might be: 
z . = t 1  
z = - 1  
r l  = 0 . 9 5 i  
3 
S 
p = 0.3333A 
es b = 0.0465 (T) A 
c =l .  
j s  
' ,  
I 
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It. shculd be repeatpd that  the dipole potential in equaticn ( 3 4 )  is 
cpp:x$xinate ar?d subject t o  the  conditiolis specified for equatioa ( 3 3 ) .  
10. 
YzIo fa1lowiz;g cc\:taix the l ist ing and output €:om a s imple  program 
which i l lustrates some of t h e  techniques discussed in the text. 
p:ogram (Figs. 1 and 2) prepares and prints a potential map inside oae 
cell of a s imple  two-dimensional latt ice (Fig. 3 ) .  The lattice taken as 
2: exzrrrple consis ts  of two unit cells each five angstroms square with 
a skgle  negative charge at each corner of each  cell. 
which is computed is for t h e  electric monopole force and Bora repulsive 
face  acting on a singly-charged positive ion. 
The 
The potential 
Qualitative features of the obtained map (Fig. 3)  are a r e g i m  cf 
equilibrium (energy minimum) n e a -  the cectes of the  unit cell and a 
pctential hill of 14 kilocalories per mole near the boundary between the 
ce1.l~. The bottom line on the  map  is the boundary and the second cnit  
cell, not printed, joins along this line. Disteslces from one CQ~"T?BH z-6 
labelled in angstroms along the  edge of the plot. 
The potential energy barrier (Fig. 4) for the jump of the mobile in2 
one position of minisurn energy t o  another is e x t r x t e d  f 
by pkcbting the computed potectial. energies vs. d i s t m c e  from a ccrtes 
poiat ic the middle betwee:? t h e  two unit cel ls ,  z l m q  the rniEimum enprgy 
pz'.hQ which is the ver",ic&..l Iize ccizziecting directly t h e  two potczttial 
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The application of the full program t o  some three-dimensional latt ices 
c>f certain real  crystals is in progress. 
0 
APPENDIX -1V -A 
Work of assembly of a system of charge and dipoles 
If the dipole on one ion is induced by a second ion, the poten- 
t ial  energy of the system is not the same as i f  the  dipoles were of fixed 
strength. An expression for the potential energy can be obtained as 
the ions 
The 
are brought together from infinity. 
monopole and dipole fields on ion -2 from ion -1 are 
+ +  
The vector r12 is taken t o  end at ion -2 and start  at i on -1. If ion 
-2 has no dipole moment, the field acting on ion -1 is  
4 
F ,  = %GI r 
with rZ1 = -rI2 a s  defined above. The dipole induced on ion -1 due 
to the external field acting on t h e  ion is 
(A-3) 
Equations A-2 through A-4 are a linear system similar t o  equations 
(8)  and ( 9 )  in the text ,  but for only two ions. The solution, easily 
obtained, is 
(A-4) 
(A-5) 
(A-6) 
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If the two ions are brought together from infinity the induced dipole 
acts in a way to  decrease the work done, but the contribution is not a s  
great a s  i f  the dipole were of the same fixed strength a s  its value when 
the ions are  closest. The work done on the second ion against  the  
dipole field is computed from a l ine integral: 
- -4 
4r 
A- 7 
In the preceding 
done was considered 
derivation the ion on which work of assembly was 
unpolarized. If this  ion has  a dipole moment pro- 
duced by the field from the other 
+ a+ F2 = r3 r12 .t 
+ + 
Pl = QlF1 
+ + 
P2 = Q2FZ 
ion, the equations to be solved are 
A-9 
A-10 
A-1 1 
The solution for the field magnitude a t  ion 2 given an increased 
value relative to the solution (A-6) : 
A-1 2 4cYtcYt F2(1 - r5 ) = 
The potential resulting from such a force law is not amenable to 
simple computations. 
b 
' \  
APPENDIX W-B 
Correction to repulsive energy constant for s m a l l  dipole moments 
Summarizing the results of the previous calculations, i f  an ion of 
charge q , and small susceptibility (Y , is considered stationary with 
its charge center coinciding with its induced dipole center, an 
approaching ion of charge qa and s m a l l  susceptibility is acted upon by 
electric monopole and dipole forces of strength 
2 
f D -  -  2alqz 
r5 
A-1 3 
A-14 
The contribution of each force to the potential energy of the system 
is 
D -  d 
2r4 E - -  
The repulsive force and potential on ion - 2  is 
R 1  f =-kexp( '-r)  
P P 
E = k exp(LE) R 
P 
- k is the combination of const?n% given in the text: 
A-15 
A-1 6 
A-1 7 
A-18 
A-1 9 
The solution for p ayd k (*:-msec;:uently b) requires knowing: 
89 
ro = equilibrium distance of the  positive-negative ion pair, 
E = potential energy of system a t  ro, which is equal to the energy 
released a s  the charged ion pair approach each other from 
infinity to ro, 
The expressions for p and k are similar to formulas in the text 
modified by factors involving the ratio of the dipole potential to the 
monopole potential 
n 
Having evaluated this  for the ion pair, then 
} 
1 t E  /E 2 E  1 
p = r {  D M 
1 t 4ED/EM 'lq2 1 t 4 E  /E 
A-20 
A-2 1 
A-22 
Equations (A-20) through (A-22) are unsymmetrical in appearance 
with regard to the susceptivility of the two ions, s ince a2 does not 
appear. This is due to the approximation in which one of the dipole 
fields is neglected. Therefore in the application of the equations to  
determine the repulsive constants the larger of the two ionic suscepti- 
bil i t ies should be used. 
The range of validity of the small dipole approximation is inherent 
in the original equation (A-ld), in  which the dipole is considered to be 
located a t  the charge center of the ion. 
the effective atomic volume in which the charges separate to  give rise 
The susceptibility al measures 
' I  
b 
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'to the dipole moment. The dipole will be near the center of the  atom 
provided 
q/r; << 1 . 
In other words, the distortion of the electron cloud should be small 
with respect to the distance of the other ion. 
By equation (A-20) this  is equivalent to requiring the dipole poten- 
t i a l  to be s m a l l  with respect to the monopole potential. 
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‘ 0  CAPTIONS 
Ffg. 1. Sample .if tke program (Part I) 
rig. 2. Sarnp.le of t‘rre pi-ggram (Part 11) 
Fig. 3. Po?eegJ-,.hl energy map a s  printed by the computer with 
equ!ppotential contours traced out. 
PotenZ31 energy a s  a fvnction of the distance as extracted 
from the map; AG””-actiivation energy barrier for the motion of 
the pos2ive ion f:om one interstice into another in the two- 
dimensional model lattice. 
Fig. 4. 
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SECTION V. DENDRITE FORMATION ON ZINC ELECTRODE 
The work of this section i s  being submitted as an appendix, a 
separately bound volume. 
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SECTION VI, REVERSIBIEITY OF ORGANIC REACTIONS 
A. Theoretical 
l,, The u s e  of orsanic compounds in  high enersy secondary batteries 
For a high energy battery system one desires a maximum number of 
electrons transferred at a maximum potential difference for a minimum 
weight of reactant, 
ferred for a molecular weight of 18. For an organic reaction a similar 
energy density may be obtained i f  one electron is transferred per carbon 
atom or its equivalent. 
For the hydrogen oxygen cell two electrons are trans- 
Some organic reactions are known t o  be electrochemically reversible 
(hydroquinone): other reactions, although not reversible in the kinetic 
sense,  may be reversed electrochemically, a s  for example formate- 
methanol. Thus, in seeking high energy secondary batteries, organic 
reactions should a l so  be considered. 
2, Types of reactions desired 
The type of reactions desired is that in which a large number of 
electrons are transferred for a reaction involving a relatively small mole- 
cule. 
systems for investigation, one must  a l so  take into account the possibility 
of undesired side reactions (polymerization, cleavage) which prevent the 
reattaining of the init ial  comp.ound. 
A number of such reactions are summarized in Table 1. In choosing 
97 
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Reaction 
t RSH t 3H2O RS03H t 6H -I- 6~ 
I - 
R2S t 2H2O z R,S02 t 4Hr f 4c 
- 
Pb t 2H2O ZZ PbO2 i- 4Ht t 42 
--- 
9 80 
840 
590 
5 80 
400 
4 50 
227 
208 
2 00 
116 
99 
With ugz.zic szactions ope has the possibiiity OS tailoring the  com- 
pacr-c? t c ~  give desired prapmties. Thus by adding suitable substituents 
the kinetics of reactions may be greatly changed. 
theticzl  possiSility but has  been shown to be a real  effect. This is 
This is not a hypo- 
shown in the frequent use  of the modified Hammet t  equation. 
where E l  I is the half wave potential, p is a constant for the reacting 
groilp, (r is the total  polar constant characteristic of the nature and 
position of the substituent and E: - is a constant. This relation has been 
shown to be follawed in a number of reduction reactions. A s  an example, 
2 
X 
2 
let u s  consider the reduction of aromatic aldehydes. In Table 2 the 
dependence of E - on substituent is given. 
0.2 V which, assuming a 2 R T h  Tafel slope, is two orders of magnitude. 
A general trend for a pore positive E l  - with the mor? negative values 
of r~ is evident. 
The change in  E - is about 
2 2 
2 
Such changes might be attributed t o  changes in the reversible 
potential for the  reaction. Unfortunately, tabulations of the thermo- 
dynemic data  for these  systems are not available. 
the  reversible potential o f t h ~ ~ i i t r 3 E ; o i . h y d r o x ~ ~ ~ ~ i i n e  c a u p h  for! a number of 
However, data  for 
substi tuents are available 
in reversible potential are 
again, a fairly sys i eza t i c  
(Fable 3 ) .  
much smaller than the changes in E I 1. 
variation of Eo with 5 is evident. 
It is a p p a r ~ c t  “,st the changes 
Here 
2 
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TABLE 2. Effect of substituents on E l  - for benzyldehyde 
a t  pH 1.4 in 33% ethanol 
2 
1 
R 
2 
0- 
-0.56 
-0. 63 
-0. 64 
-0.66 
-0. 66 
-0.67 
-0.70 
-0. 72 
-0.357 
-0. 600 
0 
-0.170 
-0.151 
-0.161 
-0. 268 
-0.268 
TABLE 3. The reversible potentials for the substituted 
nitrosobenzene-hydroxylamine cduple 
R 
3 
EO U -2 
4 4 0 0 C  ZH 
3 4 1  
H 
3-CH3 
4 4 1  
3 -0C H3 
4-CH3 
4-OC H3 
0. 613 
0, 583 
0.582 
0.579 
0 .576 
0.573 
0. 567 
0.554 
0.522 
0.373 
0 
-0. 069 
0. 227 
-0.115 
-0. 170 
-0.268 
1 .  . 
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I O  For a variation of substituents given in Table 2 on the half wave 
potential for the reduction of benzaldehyde, only two orders of magnitude 
variation in reduction rate  was found. 
an increase in ra te  of many orders of magnitude is required to make it 
Since the reaction is very irreversible, 
reversible. When heterocyclic aldehydes are considered, a much larger 
variation in E - resul ts  (Table 4). 
observed. Again assuming a 2RT/F Tafel dependence, this  corresponds 
Here a variation of 1.05 V has  been 
2 
to  a change in rate of nine orders of magnitude. 
rings, the reduction reaction approaches reversibility. 
With the more active 
For the oxidation of the reduced compound, the picture is  not clear. 
Relatively little work has  been done on the anodic reaction when com- 
pared t o  the reductions at the  dropping mercury electrode., A s imple  
interpretation of the dependence of half wave potentials on substituents 
is  that electron withdrawing groups promote the reduction, On this  bas i s  
for oxidation reactions, the converse should be true. Some evidence 
indicates that this  is true. However, i f  a reaction can  only be  made 
4Y5 
reversible in the cathodic direction, by the principle of microscopic 
reversibility, it must a l so  be reversible in  the  anodic direction. Thus 
a truly reversible system would be expected. The apparent contradiction 
here may be resolved when one considers that  substituents have effects 
other than electron donating or withdrawing. These include s ter ic  and 
mesomeric contributions. As  an example, where the E l  - was made more 
anodic with a concurrent decrease in the potential of oxidation at Ft the 
oxidation and reduction of the cyanines may be c ~ n s i d e r e d . ~  With an ' 
2 
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' 0  TABLE 4. Half wave potentials far reduction of 
some heterocyclic aldehydes 
Aldehyde E l  - P H 
2 
2 -f uranal de hyde -1.33 3. 6 
benzaldehyde -1.03 3 . 0  
2-thiophene aldehyde -0 .55  3. 6 
2 - pyrrol a1 d e  hyde - 0 . 9 5  3 . 1  
2-pyridene aldehyde -0.44 2. 0 
2-thiazole aldehyde -0. 40 2. 0 
2-quinoline aldehyde -0. 28 3 . 0  
' 0  
104 
increase in the  ;?urnbe: of metiayle;;ie groups sepa.rsting the rings frcm one 
to seven, the E l  - increased by 0.72 V with thn oxidation poter.’ilak 
decreased by 1.01 ‘J. 
both cathodic and anodic rate constants. 
compounds with the desired redox properties has some confirmation by 
experiment, 
2 
Thus it is possible to  simultaneously increase 
Thus, the c o ~ c ~ p t  of tailoring 
4. Suqgested f u t u e  work 
For future work t h e  oxidatinr, kinetics for a system known to be 
relatively rapid for reducticrn wi l l  be studied t o  determine i f  the rate of 
reduction is increased. The system to be  studied in the immediate future 
will be the substituted pyridines, e. g . ,  the  system of 4-C00H, 4-CHO, 
4-CH20H, 4-CH3 attached to  a pyridine ring. 
kinetics for each s tage of the reaction will be determined so that a corn- 
parison with the benzene analog may be made. 
The oxidation m d  reduction 
I 
~ 
I 
Further future work will be done with other ccriipcrus,ts and with I 
different electrodes. 
B. Results and Discussion 
1. Compounds studied 
During the l a s t  period of t i m e  we have investigated t h ~ e  following 
organic compounds by meais Gf the  potential sweep ncth=>ci: 
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1 Om2 M benzenehexol, Cs(OH)6, i n  0.1 N HzS0.4 at Pt electrode 
1 Oe2 M benzenehexol, Cb(OH)6, in 1.0 N H2S04 at Pt  electrode 
l o a 2  M cyclohexanehexcne, c 6 0 6  , in 0.1 N KaOH at Pt and Hg electrode 
5 - 1 Om2 M c 6 0 6  in  0.1 N NaOH at Hg electrode 
l o e 3  M c 6 0 6  in  0.1 N HzS04 and 1.0 N H2S04 at Hg electrode 
1 0'3 M rhodizonic acid, C6H206, in 1 .O N H2S04 at Hg electrode 
1 0'3 M tetrahydroxy-1, 4-quinone, C6H406, i n  1 ,O N H2S04 at Pt electrode 
1 O m 2  M ethyl sulfone, Et2S02, in 0.1 N &SO4 at Hg electrode 
1 Oa2 M tetramethylene sulfone, TMS02, in  0.1 N H2S04 at Hg electrode 
1 0'2 M tetramethylene sulfoxide, TMSO, in  0.1 N H2S04 at Hg electrode 
1 0'2 M 2, 3 dimethyl-1, 4-benzoquinone diazine in  0.1 N H2S04 at Hg electrode 
M 2, 3 dimethyl-1, 4-benzoquinone diazine in 1.0 N H2S04 at Hg electrode 
10" M 2, 3 dimethyl-1, 4-benzoquinone diazine in  1.0 N H2S04 at P t  electrode 
(After polarization at -600 mV (Hg electrode) vs. SCE during 6 hours. ) 
M formaldehyde in 0 .1  N NaOH at Hg electrode 
10" M formic acid in 0 , l  N NaOH at Hg electrode. 
2. Cycl ic  hydroxy ketone 
The electrooxidation of C6(OH)6 (benzenehexol) in 0.1 N and 1.0 N H$04 
at Pt  electrode occurs with three well expressed peaks in the potential range 
between 135 and 700 mV vs. SCE in course of a differeEt sweep rate 
(4-900 mV/s) . See Table 5. 
The analysis of recorded curves shaws that current peak dependence 
on the sweep rate at the  poten2ial of the first peak is c lose  (Fig. 1) .  t o  the 
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TABLE 5. P e a k s  potential values, V , for the investigated C6(OH)6 ' c 6 0 6  * P 
ser ies  
I I1 I11 I I1 
peak peak 
mV -
5 
Oxid. , Pt el. Oxid. ,  P t  el. Red, Hg el. Red. Hg el. 
135 400 71 0 
1 6 5  445 640 
170 465 65 0 
185 480 660 
200 495 670 
205 520 670 
23 0 5 20 6 80 
285 540 690 
350 600 
- 
3 40 680 
390 700 
400 720 
40 0 730 
420 750 
420 750 
420 760 
460 770 
465 780 
~ ~~ 
-660 
-70 5 
-720 
-740 
-7 70 
-7 80 
-7 85 
-800 
-790 
- 
-800 
-840 
-8 60 
-900 
-900 
-900 
-9 20 
-940 
-9 20 
~ 
4 
25 
50 
100 
225 
325 
40 0 
625 
900 
* 
All  potentials are in  mV vs. SCE. 
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values calculated for the totally irreversible diffusion-controlled reaction 
according to the  equation derived by Delahay. 8 
1 - 1 1 
i = 3,Ol X 105n(ana)zAD~zCovZ 
P 
where n is the  number of electrons transferred in  overall reaction and 
a n  is obtained from the conventional Tafel slope: a 
2.3 RT 
d l o g i  a n  F a 
dV - - 
A is area of electrode in c m 2  and v is sweep rate in volt/scc, 
The value a n  may be determined from the slope of the l ine which a 
is obtained by plotting peak potential V vs. sweep rate,  The slope, 
P 
dV 
2, is equal to - 2.3RT , and in the  above c a s e  was 40 mV for the  d log v 2F an a 
sweep rate 4-400 mV/s. 
According to the experimental data the  number of electrons, n ,  
transferred during the first reaction s tep  was two. This indicates that 
reaction of electrofixidation of c6(0H)6 proceeds most probably in three 
steps to the c 6 0 6  compound, each s t e p  including 2-electron transfer 
according to the scheme: 
C6(OH)6 -. C602(0H)4 t 2Ht t 2e- 
C602(OH)4 C604(OH)2 t 2H t 2e- 
4- 
C604(0H)2- c 6 0 6  + 2Ht + 2; 
From the  experimentally observed Tafel slope which is in the c a s e  
of 10” M C6(OH)6 in 1.0 N H2S04 equal t o  2RT/3F, it is possible t o  
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r n d q l ;  conclusioas aboct t he  mechanism cf reaction in  the first reduction 
, where n is the number of electrons RT -- 2RT While 3~ - 
F(n 4- ma) 
transferred before the rate determining s t ep ,  n 
st2p, and p = $,  n has  to be  1 and na also 1 ,  or the reaction proceeds 
is the  rate determining a 
with a transfer of one elkctron overall, and ope in the  rate deternining 
s tep.  
So, t.he mechanism could be. 
UnfortunateSy, no quantitative relationship for second (or any farther) 
peak  current has  been derived thus far in  the  case of consecutive peak 
current. 
Feak current, i , for t he  same concentration of Ch(OH)b i n  the m o r e  
P 
diluted supporting electrolyte (0  i N HZS04 instead of f 0 PI) shows the 
lower values, m o s t  probably due to  the bigger res is t ive drop in the 
s 0.l ut ion 
T h e  electroreduction of 10"3M ChO6 in  0.1 N and i $ 0  N HzS04 at Hg 
elecrrode proceeds in  only one s tep,  Peak potential V changes be- 
tween -790 2nd -1Oi5 mV ( 0  1 N H2S04) and between - 8 0 0  and -920 
P 
( I  0 N H,SQ4) v s  
siope of the recorded i -V curve  is not well reproducible- 
SCE in  dependence on sweeprate (4-900 mV/s). The 
The -p-- 0 d Log V 
dV 
value is betweec 75 and 1 0 7  mV. n calculated f rom experimental da ta  
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is less than 1 and the curve which represents i dependence on sweep 
rate lies below the curve calculated for the totally irreversible process 
(Fig. 2). 
P 
Peak potentials are very close to the potential of hydrogen evolution, 
and it is very possible that these two reactions interfere. 
The electrowduction of CbOb in alkaline solution (0.1 NaOH) at P t  
and Hg electrodes respectively does not give good reproducibility. 
may be  due to the process of decomposition or polymerization of compound 
in  alkaline media. 
i n  color and is faster in more concentrated solutions., 
T h i s  
The process of decomposition proceeds with a change 
To obtain more information about the reaction path C6(OH)6 'C606 
we have investigated intermediate compounds, rhodizonic acid, C&4(OH)2 , 
and tetrahydroxy-1 , 4-quinone, C602(OH)4 
The reduction of 1 0'3 M rhodizonic acid in 1.0 N H2S04 a t  Hg proceeds 
in one s tep,  The peak is well expressed and appears a t  potential between 
-660 and -790 mV vs. SCE (in dependence of sweep rate),  or 140 mV more 
positive than in the c a s e  of reduction CbO6 (see Table 1). 
interpretation of i 
again in an irreversible manner with 4-electron exchange (Fig. 3) .  
A quantitative 
and V 
P P 
values shows that this  reduction proceeds 
The electrobxidhtion of 1 O k 3  M tetrahydroxyG1, 4-quinone in 1 .O N 
H2S04 at Pt electrode occurs in two s t ep  reactions, as was  expected, The 
first is, according to  the quantitative analysis,  an irreversible one (Fig. 4), 
The Tafel slope in  this  peak is close t o  40 mV or 3~ 2RT , as in  the c a s e  of 
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the first s t ep  reaction in reduction of Cb(OH)6 * The n and n values  
are again 1 ,  and the following reduction mechanism for this s t ep  may be 
assumed: 
a 
t -  CbOz(OH)4 ZZ C603(0H)3 t H t e 
t -  
C603(OH)3 C604(OH)2 t H t e 
The investigation of electrooxidation of C604(OH)2 and electro- 
reduction of C602(OH)4 are necessary t o  cornpieis the k z c ~ ~ l e d g e  ahout 
the  mechanism of reduction and oxidation in the organic couple 
C6(0H)6 ' c 6 0 6  0 
3 .  Sulfoxides and sulfones 
In the case of electroduction of l o e 2  M Et,S02 in  0.1 N HzS04 at 
Pt electrode, no peaks,  no waves, on the  i-V were obtained which 
could indicate any process, This is in  agreement with previously done 
potentiometric measurements, although on the bas i s  of the potentio- 
metr c measurements, it was not clearly evident. 
The i-V curves recorded in the  course of electroreduction of 
lo-'  M TM sulfone in 0.1 N H2S04 at H g  electrode with different sweep 
rate  show well  expressed peak followed by two smaller in  cathodic 
and one peak in  anodic region. The difference between the first  cath- 
odic peak and anodic peak with some potential sweep rate (between 
200 and 600 mV/s) satisfied the condition 
[VI 
- 2 X 0.028 
L - 
E 'cathode E 'ailode n 
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for n = 1 or 2 ,  i. e . ,  the difference is 30-60 mV. However, the experi- 
mental i current is much smaller than it should be according to the 
P 
concentration 
for reversible 
of the sulfone, and n calculated according to the equation 
process 
1 P 1  -
i = 2.72 9 105n3AD$C6v2 
P 
is less than 1 ,  It is obvious that the peak which appeared on i-V curves 
during the single sweep on eiectrodeii is due :s c?eductinr! nf some uniden- 
tified compound, which corresponds t o  an impurity concentration. 
The electroreduction of TM sulfoxide in 0.1 N HzS04 at Hg electrode 
does not occur, as in the c a s e  of sulfone, on the recorded i-V curves 
appears one reversible peak but peak current is at 10% of current that  
should be according t o  the TM sulfoxide concentration. This peak hat; to 
be  due t o  some uncertain impurity in the TM sulfoxide. 
4. Dimethyl benzoquinone diazine 
The investigation of 1 O-' and 1 O m 3  M 2, 3 dimethyl-'1, 4-benzoquinone 
diazine in  0 , l  and 1 .O N H2S04 a t  Hg electrode shows that reduction of 
the  compound proceeds in  three steps. The first peak is at -370 mV, the  
second at about -580, and the last at -1050 A h V  v s  SCE (with 250 mV/s) , 
while in the anodic region (reverse sweep direction) only one peak appears. 
The place of the first peak does not change with sweep rate, which 
is an indication of a reversible process. 
experimentally obtained a s  a function of sweep rate lies between the 
The plot of the peak current 
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curv-es calculated for 1 and 2 electron transferred reversible process 
(Fig. 5). 
After polarization at -600 mV v s  SCE for several hours, the first two 
peaks disappear (compound was  reduced) and investigation was  continued 
in  the same solution at Pt ,  In the anodic region we now obtain two peaks, 
the  first of which varies from t 2 6 0  to 360 mV (at  different sweet rate),  
foiiowed b y  one we! expressed peak in cathodic region (opposite sweep 
direction). 
A quantitative analysis of the first  anodic peak shows that it corre- 
sponds to an irreversible electrode process, with two electrons trans- 
ferred (Fig. 6). 
5. Formic acid and formaldehyde , 
Investigation of the couple formic acid-formaldehyde is still 
proceeding. 
formic acid in 0.1 N NaOH at Hg electrode does not proceed, while the 
electroBxidation of 10’’ M formaldeHvde in the same supporting electro- 
ly t e  at Hg electrode occurs with one well expressed peak at the potential 
of about -1600 mV v s  SCE, 
From preliminary work, the electroreduction of lo-’ M 
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FIGUXE CAPTIONS 
Fig. 1 Peak current dependesrce on the sweep rate for the electrotjxidation 
of 1 o - ~  M C6(0H)6 in 1 .O N scd  O. 1 N 1 3 ~ ~ 0 ~  a t  Hg electrode: 
o experimental values 
El calculated values 
Fig. 2 Peak current dependence on the sweeprate  for the electroreduction 
of 1 0 m 3 M  C606 in 1,O N H2S04 at Hg electrode: 
Q experimental values 
c3 calculated vslues  
Fig. 3 Peak current dependence on the  sweep rate for the electroreduction 
of 10m3M C604(OH)z in 1.0 N H2S04 at Hg electrode: 
o experimental values 
0 calculated values 
Fig. 4 Peak current dependence on the sweep rate for the electroaxidation 
of C602(OH)4 in 1.0 N H2S04 at P t  electrode: 
o exberimenatal values 
0 calculated values 
Fig.  5 Peak current dependence or? the sweep rate for the electroreduction 
of 1 0'3 M 2, 3 -dimethyl-1, 4-benzoquinone diazine in 1.0 N H2S04 
at Hg electrode: 
o experimental values 
0 calculated values 
Fig. 6 Peak  current dependence on the sweep rate for electrotjxidation 
reduced forrn of 1 0 - 3  M 1 ,  2-dirtiethyl-3, 4-benzoquinone diazine 
in 1 . O N  F12S04 at Pt  e1e::ircdp: 
r) P x r o l i  ~r)en!ql ~7allies 
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SECTION VII. THE THEORY OF ELECTROCHEMICAL ENERGY CONVERSIQN 
The book with Dr. Srinivasan (McGraw-Hill) continues t o  m a k e  
good progress, A l l  chapters have been submitted t o  the publishers, 
though a few references and diagrams are still missing. The publi- 
cation date is Fall 1968. 
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SECTION VIII. MODERN ELECTROCHEMISTRY: AN INTERDISCIPLINARY APPROACH 
. .  
Dr. Reddy returned to India on November 25. Finishing of editing of 
book being carried out by Dr. Halina Wroblowa, Professor A. Despic, 
Dr. C. Solomons, and Mr. J. Diggle. This editing consis ts  largely of 
taking into account the various criticisms, amendments, etc. , from the 
Bermuda conferehce. 
Chapters 1-5 are with the publishers. Chapter 6 on molten salts 
being edited by Dr. C. Solomons, promised by end of December, 1967. 
Chapter 7, typed and has  to be  proofread. Chapter 8, awaits typing in  
final form. Chapter 9, awaits  typing in final form. Chapter 10, electro- 
catalysis section has  t o  be  rewritten in view of completely new interpre- 
tations and resul ts  obtained by Mannan, on NASA contract. Rewriting 
being done by Bockris and Wroblowa. Chapter 11 to be edited by Despic, 
completed by February 1. 
c.  
0 
After all the chapters have been sent  to the publishers, there will . 
be  a pause until the galley proofs come through. Each chapter in  galley 
proof will be sent to an independent referee for assessment  of any 
remaining errors and suggestions of latest material. 
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